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Abstract Water vapor adsorption on silica gel was
investigated using Tian–Calvet-type microcalorimetry.
Differential heat of adsorption data was obtained. The
setup of microcalorimetry was used volumetric system to
determine adsorption isotherms of water vapor–silica gel.
The Langmuir model was used in the interpretation of the
adsorption data. The Clausius–Clapeyron diagram was also
given. Effective mass diffusivity of water vapor in the
silica gel particle as a function of temperature was also
determined. The silica gel, which was degassed under
vacuum at 10-7 mbar and 120 C for 18 h, was found to
adsorb 0.6, 0.98, 1.1, 1.4, 2, 3.5, 11, 13, and 14 wt% water
vapor at 120, 110, 100, 90, 75, 60, 40, 35, and 30 C,
respectively. The diffusivities of water vapor inside the
silica gel for short- and long-range periods were described
using kinetics data as a function of temperature in the
Arrhenius form.
Keywords Microcalorimetry  Diffusivity 
Silica gel–water pair  Heat of adsorption
List of symbols
b Langmuir constant
C? Equilibrium concentration, kg m
-3
Deff Effective diffusivity, m
2 s-1
D0 Reference diffusivity, m
2 s-1
DHst Heat of vaporization, kJ kgw
-1
DHa Integral heat of adsorption, kJ kg-1
Dh
a Differential heat of adsorption, kJ mol-1
E Diffusion activation energy, J mol-1
n Eigen value
na Amount of adsorbate mol kg-1
P Pressure, kPa
rp Radius of adsorbent granule, m
R Ideal gas constant, J mol-1 K-1
t Time, s
T Temperature, K
W Average adsorbate concentration, kgw kgS
-1
Wm Monolayer adsorption coverage, kgw kgS
-1
Wt
 Average adsorption coverage at time t, kgw kgS
-1
W? Adsorbate concentration in equilibrium, kgW kgs
-1
Introduction
The adsorption of an adsorptive on an adsorbent depends
on several factors such as crystalline structure of the
adsorbent, pore dimensions, porosity, surface energy,
surface area, types of adsorbate, etc. The properties of
adsorbent–adsorbate pair are important for some areas for
such as adsorption heat pumps that provide heating and
cooling by utilizing thermal energy sources such as solar
energy, geothermal energy, peak electricity, and waste
heat from industrial processes [1–4]. The properties of
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adsorbent–adsorbate pair controls the performance criteria
of designed adsorption heat pump. Therefore, in the
selection of the appropriate adsorbent–adsorbate pair,
properties of adsorbent–adsorbate pair, which are
adsorption capacity, heat of adsorption, adsorptive diffu-
sivity inside the adsorbent and adsorption kinetics and
equilibria should be well known. Modeling of the
adsorption behavior of adsorbent–adsorbate is helpful for
determining Clausius–Clapeyron diagrams that are used
for the assessment performance of the adsorption heat
pump at operating conditions [5–7].
The adsorption capacity of adsorbents depends on the
surface area of adsorbent, size of adsorptive, polarity fea-
tures of adsorbent and adsorptive, shape and size of pores,
etc. Aristov et al. [8] obtained sorption behavior of water
vapor on Fuji RD silica gels which have 820 m2 g-1 BET
surface areas and particle size between 0.3 and 1.0 mm
using CAHN 2000 thermo-balance. They found the diffu-
sivity values between 1.8 9 10-11 and 6.3 9 10-11 m2 s-1
for the temperatures of 30 and 65 C, respectively. They
also reported that apparent and effective diffusivities are
slightly increased with the increasing adsorption tempera-
ture and the grain size of silica gel. Wang et al. [9] inves-
tigated the isotherm of silica gel–water pair. They used Type
A silica gel having BET surface area of 716 m2 g-1 and
0.8–5-nm pore size. Wang et al. [9] calculated the heat of
adsorption from the isotherms of water–silica gel pair as
2510 kJ kg-1 for temperature range from 303 to 358 K.
Microcalorimetry is a powerful technique that can be
used in various analytical research applications. Wang
et al. [10] evaluated the antibacterial effect of benzoinum
and styrax on Staphylococcus aureus growth, Bulanek et al.
[11] investigated the heterogeneity of adsorption site of
zeolite and Schabes and Sigstad [12] monitored the ger-
mination of soybean seed using microcalorimetric
techniques.
Moise et al. [13] investigated water vapor adsorption on
Ba-exchanged synthetic zeolite X and Y by microcalo-
rimeter at 298 and 423 K. Heat of adsorption of barium
exchanged zeolite Y is higher than that of Ba-exchanged
zeolite X for both the temperatures. Ozkan and U¨lku¨ [14]
have investigated water vapor adsorption on local clinop-
tilolite by Omnisorp 100cx volumetric apparatus. They
investigated that the effects of outgasing temperature on
the water vapor adsorption isotherms for clinoptilolite. The
gradual increase in the amount adsorbed is observed with
increasing outgasing temperature. U¨lku¨ [15] determined
heat of adsorption of water vapor-clinoptilolite as function
of amount adsorbed. Janchen et al. [16] investigated the
differential heat of adsorption of water vapor on zeolite,
AlPO4 and CaCl2. They compared the differential heat of
water vapor adsorption on zeolite and CaCl2 at 313 K.
They found that different behaviors of heat curves of
zeolite and CaCl2 indicate the different water vapor
adsorption behaviors of zeolite and CaCl2 materials.
The goal of this study is to determine the properties of
silica gel–water vapor which can later be used in an
adsorption heat pump system. The adsorption capacity of
silica gel at various temperatures, heat of adsorption, dif-
ferential heat of adsorption, water vapor diffusivity inside
the silica gel, adsorption kinetics and equilibria were
investigated. The adsorption isotherms were modeled with
the Langmuir relationship. The Clausius–Clapeyron dia-
gram of the silica gel–water vapor pair was also obtained.
All the experiments were done using Tian–Calvet-type
microcalorimeter providing perfect outgasing conditions
and insulation among silica gel and surrounding.
Materials and methods
The silica gel was supplied from Merck Co. The equivalent
diameter of adsorbent granules varies between 3 and 5 mm.
The dimensions of silica gel particles were large since most
of the adsorption heat pump system operates with granular
adsorbent bed. BET surface area and average pore diameter
of silica gel were determined as 626 m2 g-1 and 2.0–2.5 nm,
respectively, at 77 K by N2 adsorption in ASAP2010 mi-
cromeritics. The samples were degassed for 24 h under
vacuum 10-5 mbar at 120 C.
The heats of adsorption of adsorbent were measured
using Tian–Calvet-type microcalorimetry system which
composed of microcalorimeter cell, stainless steel con-
nection tubes, pressure transducers, thermocouples, data
logger, and a computer with the specific software (Fig. 1).
The adsorption isotherms were also obtained using this
setup which can be used as a volumetric adsorption system.
For preventing water condensation on the stainless steel
tubes, they were heated and kept constant at 45 C using
electrical resistance. The system pressure was measured
with MKS 121 Baratron pressure transducer from 0 to
100 mbar with an accuracy of 0.05% at reading and 0.01
resolutions. The leak rate of system is 5 9 10-6 mbar s-1.
At operating pressure (30 mbar), the pressure system
remains constant for 3 weeks which provides enough time
for completing one experiment.
In the determination of the heat of adsorption, the
experiments steps were performed by the following
procedure:
1. 500-mg adsorbent (silica gel) was put into the sample
vacuum cell. Particles were not imbricated.
2. Sample vacuum cell was connected to the system and
the pressure test was employed for the detection of
leakage.
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3. For degassing of the silica gel, sample cell was heated
up to 120 C inside the system with 1 C min-1 under
vacuum at 10-7 mbar. Meanwhile, stainless steel tubes
were heated to 45 C by electrical resistance. The
heating process for degassing proceeds for 18 h while
the system is continuously evacuated.
4. The system was cooled down to the operating
temperature (30, 35, 40, 60, 75, 90, 100, and 110)
and kept at operating temperature to stabilize the
system under vacuum at 10-7 mbar. This process takes
for 6 h.
5. After the system reaches to thermal equilibrium, one
dose of water vapor was injected to the system. The
generated heat due to the adsorption of water vapor
was measured as mV and recorded against time.
6. The dose injection of water vapor was repeated after
the cell reached to the thermal equilibrium. The
pressure was increased gradually from 1 to 30 mbar.
After the 2nd step, these steps were repeated for dif-
ferent temperatures and data were collected.
Results and discussions
Differential heat of adsorption
Differential heat of adsorption for water vapor–silica gel
pair can be calculated by integrating the area under the
peak for each dose using SETSOFT software. Figure 2
depicts the differential heat of adsorption of water vapor–
silica gel pair against the amount of coverage at 35 and
60 C. The variation of differential heat of adsorption can
be divided into three regions for 35 C. First region is at
lower coverage in which maximum differential heat of
adsorption which is due to tightly bound water is observed.
The second is at higher coverage between 2 and 10% of
coverage, differential heat of adsorption can be seen as a
plateau. After 11% coverage, the third section which is
sharply declining one is observed. The zero coverage dif-
ferential heat of adsorption is 140 kJ mol-1 at 35 C. The
increasing adsorption temperature decreased the heat of
adsorption due to the reducing adsorbate–adsorbent inter-
actions as seen in Fig. 2.
The differential heat of adsorption, measured by mic-
rocalorimetry, is a function of loading. The integral heat of
adsorption can be obtained by integrating the differential
heat of adsorption against amount of adsorbate at constant
temperature as shown in Eq. 1 [17]. The integral heats of
adsorption were calculated as 482.3 and 75.7 kJ kg-1 for
the temperatures 35 and 60 C, respectively.
DHa ¼
Zna
0
Dh
a
dna const: Tð Þ ð1Þ
Water vapor isotherms
The microcalorimeter setup is a volumetric system in
which the amount of adsorptive in the system can be
determined using ideal gas relation. It is assumed that at
low pressure, the water vapor behaves as an ideal gas and
the amount of adsorbed water on the silica gel was calcu-
lated using the ideal gas relationship and mass balance.
Figure 3 illustrates the adsorption isotherm of water vapor
on silica gel at 30, 35, 40, 60, 75, 90, 100, 110, and 120 C.
As can be seen in the figure, water vapor adsorption
reached to equilibrium which can be interpreted as the
completion of monolayer adsorption. The amount of
adsorbate decreased with the increasing adsorption tem-
perature. Silica gel adsorbed 0.6, 0.98, 1.1, 1.4, 2, 3.5, 11,
13, and 14 wt% water vapor at 120, 110, 100, 90, 75, 60,
40, 35, and 30 C, respectively. The adsorption capacity of
the adsorbent particles in the temperature range of
30–40 C is higher than 10 kgw kgS-1 while for the high
temperature (above 75 C), the adsorption capacity was
observed to be below 2 kgw kgS
-1 signifying high coverage
of adsorbate in low temperature ranges.
BET surface area average pore diameter of the samples
after water adsorption tests were measured as 509 m2 g-1
and 2.0–2.5 nm, respectively. The BET surface area of
silica gel was reduced for 18.7%. Heat treatment during
Fig. 1 Configuration of microcalorimetry
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adsorption tests has affected the BET surface area of
silica gel.
Isosteric heat of adsorption
Adsorption isotherms were represented by Langmuir
model:
Wlangmuir ¼ C1 Wm b
b C1 þ 1 ð2Þ
where, C? can be calculated with the ideal gas relation at
equilibrium pressure. The ‘‘b’’ is Langmuir constant and
Wm is monolayer coverage. The monolayer coverage and
Langmuir constant can be found by plotting C?/W versus
C? graph. The inverse slope gives monolayer coverage.
The multiplication of the intercept with monolayer cover-
age gives inverse Langmuir constant. All Langmuir con-
stants for each isotherms and regression coefficient of
models are shown in Table 1.
The isosteric heat of adsorption was calculated by
applying the Clausius–Clapeyron relationship (Eq. 3) to
the equilibrium data.
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Fig. 3 Isotherms of water
vapor adsorption on silica gel
Table 1 Langmuir constants for different isotherms
Temperature/oC Langmuir Constants R2
Wm b
30 34.5 5.69 0.9674
35 29.5 5.14 0.8900
45 25.1 5.03 0.8734
60 5.9 11.71 0.9879
75 2.5 24.10 0.9942
90 2.8 6.89 0.9385
100 2.5 1.51 0.9558
110 1.5 11.47 0.9837
120 1.3 5.59 0.9604
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ln P ¼ DHst
RT
ð3Þ
The Clausius–Clapeyron diagram (ln P vs. -1/T), adsorp-
tion isosteres, was obtained from the experimental data as
shown in Fig. 4. The Clausius–Clapeyron diagram was
drawn until the 10% (kgw kgs
-1) amount of adsorbate since
the maximum amount of adsorbate can be obtained as 14%
(kgw kgs
-1) due to the low water vapor pressure dose and
existing of closed pores inside the silica gel. The slope of
ln P versus -1/T curve gives the DHst/R. The average isos-
teric heat of adsorption was calculated as 2644 kJ kg-1. Ben
Amar et al. [18] reported that isosteric heat of adsorption for
water vapor–silica gel pair is 2560 kJ kg-1 and Wang
et al. [9] found the heat of adsorption from the isotherms of
water–silica gel pair as 2510 kJ kg-1.
Water vapor diffusivity
Figure 5 shows the kinetics of water vapor adsorption on
silica gel. As is seen, the total adsorption period is highly
affected from the adsorption temperature. All silica gel
particles inside the microcalorimeter cell were provided to
have contact with the base of the cell. Hence, inside and
outside temperatures of the silica gel particles were
assumed to be same at the equilibrium. Equation 4 is the
analytical solution of one-dimensional unsteady isothermal
diffusion mass transfer for a spherical particle [6, 7].
Wt
W1
¼ 1 6
p2
X1
n¼1
1
n2
exp n
2p2Deff t
r2p
" #
ð4Þ
where rp indicates radius of particle, mass diffusivity is
shown as Deff and equilibrium adsorbate concentration at
the surface of particle presents as W?.
The diffusivity of water vapor through the silica gel
particles was calculated from the kinetics data using Eqs. 5
and 6 which are valid for short- and long-term regions and
isothermal conditions. Equation 5 can be employed if
Wt/W?\ 0.3. The effective diffusivity for the short-term
region can be found from the slope of Wt/W? versus t
1/2
plot.
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Wt
W1
¼ 6ffiffiffi
p
p
ffiffiffiffiffiffiffiffiffi
Deff t
r2p
s
ð5Þ
Equation 6 can be employed if Wt/W?[ 0.7. The slope
of ln(1 - Wt/W?) versus t curve gives the effective
diffusivity constant at that temperature for the long-term
region.
Wt
W1
¼ 1 6
p2
exp p
2Deff t
r2p
" #
ð6Þ
The effective diffusivities of water–silica gel pair were
estimated for both short- and long-term regions and shown
in Table 2. The equivalent radius of particle was taken as
1.6 mm in the calculation of effective diffusivities.
Figure 6 shows the variations of water vapor diffusivity
on silica gel particle against the adsorption temperatures
for short- and long-term regions. The water vapor diffu-
sivity increased exponentially with the increasing adsorp-
tion temperature for both short- and long-term regions. The
effective diffusivity was described as a function of tem-
perature by applying Arrhenius equation on the experi-
mental data.
Deff ¼ D0e  ERTð Þ ð7Þ
The D0 indicates the reference diffusivity and E (J mol
-1) is
the activation energy. The gas constant indicates with
R (J mol-1 K-1). The plot of ln(Deff) versus 1/T gives
linear expression. The slope gives activation energy and
reference diffusivity can be determined from the intercept.
The effective diffusivities of water on silica gel in Arrhenius
form for short- and long-term regions are shown in Eqs. 8
and 9 with 0.842 and 0.9678 regressions, respectively.
Aristov et al. [8] found out diffusivity of water vapor on
Fuji RD silica gel at different temperatures. The diffusivity
values found by Aristov et al. [8] are between 1.8 9 10-11
and 6.3 9 10-11 m2 s-1 which are quite similar to our
experimental (Table 2) data although the silica gel particle
sizes and physical properties of two adsorbents are
significantly different.
Deff ¼ 1:28  102e 57758RTð Þ ð8Þ
Deff ¼ 2:48  106e 29066RTð Þ ð9Þ
As mentioned above, the effective diffusivities of water
vapor through the silica gel particle were obtained for
short- and long-term regions of kinetic data using Eqs. 5
and 6. The variation of adsorbate concentration ratio (Wt/
W?) with time calculated by Eq. 4 based on long- and
short-term diffusivity relations (Eqs. 8, 9) was plotted and
compared with the experimental adsorbate concentration
ratio as shown in Fig. 7. Figure 7a and b shows the com-
parison of experimental and theoretical data for the two
temperatures of 35 and 90 C. At low temperature, theo-
retical amount of adsorbate calculated using short-range
diffusivity value were close to the experimental values
until the Wt/W?\ 0.4. For long-range diffusivities, theo-
retical amount of adsorbate approaches to the experimental
values after the Wt/W?[ 0.8 which may be related to the
non-spherical shape of the particles as it was also stated by
Karger and Ruthven [6]. At high temperatures, theoretical
amount of adsorbate which is determined by using both
Table 2 Water vapor diffusivities against temperature
Temperature/oC Short range Long range
Deff/m
2 s-1 Deff/m
2 s-1
30 3.92E-13 2.52E-11
35 4.21E-12 2.32E-11
40 4.76E-12 2.83E-11
60 2.88E-12 7.03E-11
75 7.21E-11 1.26E-10
90 8.19E-11 1.43E-10
100 1.04E-10 2.35E-10
110 9.29E-11 2.53E-10
120 2.28E-10 2.80E-10
D
eff, long= 3 x 10
–15
e
0.0297T
D
eff, short= 3 x 10
–20
e
0.059T
R2 = 0.9678
R2 = 0.8420
0.0E+00
5.0E-11
1.0E-10
1.5E-10
2.0E-10
2.5E-10
3.0E-10
3.5E-10
4.0E-10
290 310 330 350 370 390
D
iff
us
iv
ity
/m
2 
s–
1
Temperature/K
Long term region
Short term region
Fig. 6 Variations of water
vapor diffusivity on silica gel
with temperatures for short term
region and long term region
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short- and long-range diffusivities very close to the
experimental values for all Wt/W? values. Temperature
inside the particle is assumed uniform in the solution of
Eq. 4; actually particle temperature will be increased due
to heat of adsorption which will be influencing kinetics of
adsorption and will be effective especially in the long-term
region. Consequently, the short-range vapor diffusivity
through the silica gel should be used for theoretically
study.
Conclusions
An experimental study was performed to determine the
isoster and isotherm diagrams, differential and isosteric
heat of adsorption and mass diffusivity for water–silica gel
pair. The maximum water adsorption capacity of silica gel
which was degassed at was found as 14% for 30 C
adsorption temperature. It was observed that the amount of
adsorbed vapor decrease with the increase of adsorption
temperature.
The differential heat of adsorption decreases with the
increasing adsorption temperature. The maximum heat of
adsorption was observed at the lower coverage due to the
tightly bound water. The Clausius–Clapeyron diagram of
water–silica gel pair was also drawn using the adsorption
isotherm data. The isosteric heat of adsorption for silica
gel–water vapor was found out 2644 kJ/kg as an average.
The effective diffusivities were determined as function
of temperature by using short-term region data and pre-
sented in Arrhenius form. Consequently, the Clausius–
Clapeyron diagram and short-term water vapor diffusivity
are useful data for the adsorption heat pump application if
this silica gel–water is selected as the adsorbent–adsorbate
pair.
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